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Identification of a Novel Microtubule-Associated
Protein that Regulates Microtubule Organization
and Cytokinesis by Using a GFP-Screening Strategy
well contains cells expressing the gene at different lev-
els, and the localization is not masked by expression of
different cDNAs.
We initially screened 1,200 cDNAs. Approximately
20% of the gene products localized to a specific subcel-
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lular structure or compartment. Of these, 21% localized
to adhesive or cytoskeletal structures, e.g., stress fibers,
microtubules, or focal adhesions (see Figure S1 in theSummary
Supplementary Material available with this article on-
line). However, these statistics are complicated by theMicrotubules play critical roles in a variety of cell pro-
cesses, including mitosis, organelle transport, adhe- nature of our expression system. Since the GFP is fused
to the amino terminus of the gene product, only 1/3 ofsion and migration, and the maintenance of cell polar-
ity [1–3]. Microtubule-associated proteins (MAPs) the cDNAs will contain genes that are in frame with the
start codon that drives GFP expression. Thus, many ofregulate the dynamic organization and stability of mi-
crotubules, often through either cell-specific or cell the cDNAs expressed relatively small (30–130 aa) pep-
tides rather than the full-length gene encoded in thedivision stage-specific interactions [4, 5]. To identify
novel cytoskeletal-associated proteins and peptides cDNA (Figure S2). This resulted from the cDNA being in
a reading frame that does not code for a known genethat regulate microtubules and other cytoskeletal and
adhesive structures, we have developed a GFP cDNA product but contains a stop codon. Interestingly, many
of these peptides localize to specific structures and thusscreening strategy based on identifying gene products
that localize to these structures. Using this approach, may contain localization motifs and functional domains
(Figure S2). Indeed, some of these peptides perturbedwe have identified a novel MAP, GLFND, that shows
homology to the Opitz syndrome gene product [6], function, e.g., cell spreading. In some respects, the re-
sulting GFP-peptide fusion library is analogous to alocalizes to a subpopulation of microtubules that are
acetylated, and protects microtubules from depoly- combinatorial library. Since a recognition sequence can
be as small as 3–10 amino acids, each random peptidemerization with nocodazole. Expression of an N-ter-
minal deletion binds microtubules but alters their or- can display a large number of different motifs, thus pro-
viding a very robust library and an efficient assay systemganization. During the cell cycle, GLFND dissociates
from microtubules at the beginning of mitosis and then for identifying recognition motifs and bioactive agents.
reassociates at cytokinesis. Furthermore, ectopic ex-
pression of GLFND inhibits cell division and cytokine-
Identification and Isolation of GLFNDsis in CHO cells. These observations make GLFND
One of the novel proteins that we isolated was homolo-unique among MAPs characterized thus far.
gous to MID1/Fxy1 and localized in distinctly filamen-
tous structures in fibroblasts (Figures 1 and 2A). TheResults and Discussion
nucleotide sequence of this 1786-bp cDNA, which we
call GLFND, predicts a protein sequence of 496 aminoGFP cDNA Screening for Adhesion and
acids (Figure S3A) and contains several putative struc-Cytoskeletal-Localized Proteins
tural motifs, including a coiled-coil, a fibronectin typeTo identify novel adhesion and cytoskeletal molecules,
III domain, a SPRY (domain in Sp1a and the ryanodinewe used a GFP fusion cDNA library to screen for proteins
receptor) motif, as well as a potential phosphorylationthat localize in these subcellular structures. The library
site on Ser324 for p34cdc2 kinase (SPXR), Ser486 for mi-with oligo-dT-primed cDNAs was prepared from human
crotubule affinity-regulating kinase MARK (KXGS), andfibrosarcoma HT1080 cells and was inserted into a GFP
Ser317 for both p34cdc2 kinase and MAP kinase (PXSP)expression vector. The resulting gene products were
at its C-terminal half (Figures 1A and S3B).chimeras with the cDNA fused to the C terminus of the
GLFND also shows homology with the C-terminal re-GFP. Each cDNA clone was transfected transiently into
gion of the microtubule-associated protein MID1/Fxy1REF52 cells growing in glass-bottomed, 96-well plates
(Figure 1A) [6]. Mutations in the MID1 gene have beenand was screened by fluorescence microscopy for gene
linked to Opitz syndrome, a congenital defect character-products that localize to specific subcellular structures.
ized by malformations along the midline of the humanSuch localization-based screens have already been
body. Like GLFND, the MID1 gene product consists ofused to identify nuclear proteins [7–9]. While the single
coiled-coil, fibronectin type III, and SPRY domains (Fig-clone method limits the rate at which libraries can be
ure 1A) [10–12]. Furthermore, MID1 mutations in all Opitzscreened, it offers significant advantages. The cDNA
syndrome patients reported to date affect the proteinexpressing the protein of interest is already cloned, each
C terminus and abolish its ability to associate with micro-
tubules [10, 12]. Interestingly, the association of GLFND1Correspondence: horwitz@virginia.edu
with microtubules also depends, in part, upon its car-2 Present address: Japan Science and Technology Corporation, Se-
boxyl terminus (see Figure 2B and below).kiguchi Biomatrix Signaling Project, c/o Aichi Medical University,
21 Karimata Yasago, Nagakute, Aichi 480-1195, Japan. Homology searches revealed a corresponding gene
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Figure 1. Characterization of the Sequence
and Expression of GLFND
(A) Structural comparison of GLFND and
MID1. The constituent domains and their indi-
vidual percentage of amino acid identity are
indicated: Ring-finger, Ring-finger domain;
B-boxes, B-box domain; Coiled-coil, coiled-
coil domain; FNIII, fibronectin type III domain;
SPRY, SPRY domain.
(B) Expression constructs used in this study.
Figure 2. Cellular Localization of GLFND and
GLFND Deletion Mutants
(A) GLFND colocalizes with -tubulin. CHO
K1 cells were transiently transfected with
GFP-WT-GLFND and were costained with an
anti--tubulin antibody. The GFP fluores-
cence of the WT-GLFND fusion protein and
-tubulin colocalizes to similar filaments.
Note that the colocalization efficiency de-
pends on the expression level of GLFND.
(B) Subcellular localization of GLFND mu-
tants. CHO K1 cells were transiently trans-
fected with GFP-WT-GLFND, GFP-
N-GLFND, or GFP-C-GLFND and were
costained with an anti--tubulin antibody.
GFP-WT-GLFND and GFP-N-GLFND colo-
calize with organized MT structures, whereas
C-GLFND shows only a diffuse cytoplasmic
distribution. Note the altered MT organization
(marked by arrows) produced by ectopic ex-




Figure 3. Ectopically Expressed GLFND Sta-
bilizes Microtubules and Associates with
Acetylated Microtubules
(A) CHO K1 cells were transiently transfected
with GFP-WT-GLFND or with GFP-N-
GLFND and were treated with 10 M nocoda-
zole for 60 min. The cells were costained with
anti--tubulin antibody. The cells expressing
WT-GLFND retained MT-arrayed structures,
whereas the nontransfected cells showed no
organized structures. In contrast, GFP-
N-GLFND had no significant effect on MT
stability.
(B) HT1080 cells were transfected with GFP-
WT-GLFND, fixed with methanol, and stained
with an anti-acetylated tubulin or anti-
-tubulin antibody. MTs in the transfected
cells stain brightly for acetylated tubulin,
which colocalized with GFP-GLFND, while
neighboring nontransfected cells show sub-
stantially less acetylated tubulin. In contrast,
there is no significant increase in staining with
an anti--tubulin antibody in GFP-GLFND-
transfected cells. The scale bar represents
10 M.
within human genomic sequence AC008616 that is lo- -tubulin was also seen through a wide range of expres-
sion levels, suggesting that GLFND colocalizes with acated on chromosome 19p13.3. A nearly identical cDNA
sequence was reported on GenBank as AK021750. This subpopulation of microtubules. Similar results were ob-
served when using FLAG-tagged GLFND (data notcDNA was an outcome of a full-length cDNA sequencing
project, which suggests that the cDNA encodes full- shown), and these results suggest that the GFP does
not affect the localization of GLFND. The restricted local-length GLFND.
ization of GLFND contrasts that of MAP4, which colocal-
izes more generally with microtubules ([13] and unpub-GLFND Association with Microtubules
lished observations).GLFND is expressed in a number of cell types and tis-
sues (Figure S4A). Immunofluorescence staining with an
anti-GLFND antibody showed that endogenous GLFND GLFND and Microtubule Organization
and Stabilityin CHO K1 cells localizes in short, fibrillar structures that
colocalize with -tubulin in the more central portions To probe the functions of GLFND, we generated several
expression constructs (Figure 1B). Only WT-GLFND andof microtubules (Figure 2A). Endogenous GLFND also
colocalized with a subpopulation of - and III-tubulin in N-GLFND, a small N-terminal deletion lacking the
coiled-coil domain, localized to microtubules (Figureother cell types, including hippocampal neurons (Figure
S4B). This restricted colocalization of GFP-GLFND with 2B); although, the localization of N-GLFND was not as
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Figure 4. Cell Cycle-Dependent Association
of GLFND with Microtubules and Regulation
of Cell Division
(A) Cell cycle-dependent association of
GLFND and MAP4 with microtubules. Non-
synchronized CHO K1 cells were costained
with anti-GLFND antibody and anti--tubulin
antibody or transiently transfected with GFP-
MAP4. GLFND does not associate with MTs
during mitosis but reassociates with MTs dur-
ing cytokinesis. In contrast, MAP4 associates
with MTs in the mitotic spindle.
(B) Ectopic GLFND inhibits cell division. GFP-,
GFP-GLFND-, and GFP-MAP4-expressing
cells were monitored by time-lapse micros-
copy over 15 hr. The level of ectopic GFP-
GLFND, GFP-MAP4, and GFP expression
was categorized as “low” or “medium” based
on the relative visual intensity of the GFP fluo-
rescence. Medium expression of GFP-
GLFND (p 0.002) or GFP-MAP4 (p 0.0004)
inhibited cell division when compared to the
GFP-expressing control cells, which had no
detectable effect on cell division (left panel).
Medium levels of GLFND expression signifi-
cantly increased the number of cells that
failed to complete cytokinesis (p  0.0001),
whereas GFP and GFP-MAP4 had no signifi-
cant effect (right panel).
(C) Phase-contrast images of CHO K1 cells
during a representative time-lapse movie (see
Movie1 in the Supplementary Material). The
expression of GFP-WT-GLFND is shown in
the final panel. Note that nontransfected con-
trol cells (upper arrow) typically complete cy-
tokinesis, whereas those cells expressing low
levels of WT-GLFND (lower arrow) sometimes
form daughter cells but fail to complete cyto-
kinesis, resulting in large, multinucleated
cells. Since the cells that were expressing
the highest levels of GLFND were typically
rounded and nondividing, they were ex-
cluded from our analyses. The scale bar rep-
resents 20 M.
robust as WT-GLFND. In fibroblasts and hippocampal gest that GLFND stabilizes microtubules via its N-ter-
minal domain. This region contains a domain that hasneurons (not shown), N-GLFND functioned as a domi-
nant-negative and dramatically altered the organization homology with coiled-coil regions of RBCC proteins,
and this domain has been shown to mediate the homo-of microtubules, which appeared more bundled and
coiled rather than radial (Figure 2B). This bundling is oligomerization of RBCC proteins [15, 16]. Thus, the N-ter-
minal region may similarly mediate a dimerization ofalso observed when the microtubule binding domain of
other microtubule-associated proteins, e.g., MAP2 [14] GLFND that is required for its stabilizing effects on mi-
crotubules. This is consistent with a recent observationand MAP4 [15], is expressed ectopically and appears
to arise in the absence of crosslinking, perhaps due to that this region mediates the dimerization of MID1 [17].
It has been shown that a minor population of MTs isstabilization or neutralization of the negative charge on
microtubules [15]. Perturbations of microtubule organi- enriched in acetylated tubulin and is relatively stable
[18]. An anti-acetylated tubulin mAb stained HT1080zation were not observed with any of the other GLFND
mutants. These observations point to a role for GLFND (and Caco2, not shown) cells strongly in regions colocal-
izing with GFP-GLFND (Figure 3B). Cells ectopically ex-in microtubule organization.
Since many microtubule-associated proteins stabilize pressing MAP2 or tau stain similarly [19]. In contrast,
overexpression of GFP-GLFND did not affect the stain-microtubules, we examined the effect of GLFND on their
nocodazole-induced disassembly. Cells transiently trans- ing of tyrosinated or polyglutaminated tubulin, thus
showing specificity for acetylation.fected with WT-GLFND or N-GLFND were treated with
nocodazole and then stained with an anti--tubulin anti-
body (Figure 3A). Cells expressing WT-GLFND, but not GLFND Dynamics during Mitosis
Since other MAPs, e.g., MAP4, are implicated in mitosis,N-GLFND, were resistant to the nocodazole-induced
depolymerization of microtubules. These results sug- we investigated whether GLFND might function similarly
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[13]. Double staining of CHO K1 cells with anti-GLFND in the mitotic spindle, and its overexpression inhibits
cytokinesis. Since GLFND is normally present in replicat-and anti-tubulin antibodies demonstrated that GLFND
localizes diffusely throughout mitotic cells and does not ing cells, how does its ectopic expression affect division,
cytokinesis, and microtubule stability? A likely hypothe-associate with microtubules during mitosis prior to cyto-
kinesis (Figure 4A). However, GLFND colocalized with sis is that the phenotypes arise from its misregulation.
Phosphorylation of MAP4, for example, reduces its affin-a subpopulation of microtubules at the midbody during
cytokinesis (Figure 4A). In contrast, cells expressing ity for microtubules and decreases microtubule stability
[25]. When MAPs are overexpressed, the phosphory-GFP-MAP4, unlike cells expressing GLFND, localized
in the mitotic spindle (Figure 4A and not shown). The lated MAPs that dissociate from microtubules would be
replaced with MAPs from the large pool of unphosphory-dissociation of GLFND from microtubules during mitosis
may serve to upregulate microtubule dynamics and fa- lated MAPs; therefore, these MAPs abnormally stabilize
microtubules and thereby reveal their function. Consis-cilitate their reorganization during mitosis. The affinity
of some MAPs, e.g., MAP4 [20], for microtubules is regu- tent with this, GLFND has several putative regulatory
phosphorylation sites (at positions S324, S486, andlated by cell cycle-dependent phosphorylation events.
One possibility is that phosphorylation at the C terminus S317).
of GLFND might regulate microtubule association. In
Supplementary Materialthis context, MID1, in contrast to GLFND (Figure 4A),
Supplementary Material including details of the GFP-screeningassociates with microtubules throughout the cell cycle
strategy; the localization, sequence, and predicted domains of[21] but lacks the three putative phosphorylation sites
GLFND; and a movie showing the effects of GLFND on cell division
on the C-terminal half of GLFND. is available at http://images.cellpress.com/supmat/supmatin.htm.
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